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The combination of x-ray spectroscopy methods complemented with theoretical analysis unravels the 
coexistence of paramagnetic and antiferromagnetic phases in the Zn0.9Mn0.1O shell deposited onto array 
of wurtzite ZnO nanowires. The shell is crystalline with orientation toward the ZnO growth axis, as 
demonstrated by X-ray linear dichroism. EXAFS analysis confirmed that more than 90% of Mn atoms 
substituted Zn in the shell while fraction of secondary phases was below 10%. The value of manganese 
spin magnetic moment was estimated from the Mn Kβ X-ray emission spectroscopy to be 4.3μB which is 
close to the theoretical value for substitutional MnZn. However the analysis of L2,3 x-ray magnetic circular 
dichroism data showed paramagnetic behaviour with saturated spin magnetic moment value of 1.95μB as 
determined directly from the spin sum rule. After quantitative analysis employing atomic multiplet 
simulations such difference was explained by a coexistence of paramagnetic phase and local 
antiferromagnetic coupling of Mn magnetic moments. Finally, spin-polarized electron density of states 
was probed by the spin-resolved Mn K-edge XANES spectroscopy and consequently analyzed by band 
structure calculations. 
1 Introduction 
Being potential building blocks for spintronics manganese-doped 
ZnO nanostructures attract significant attention of experimental 
and theoretical groups1. Manganese dopants in the ZnO host 
lattice act as deep donors and tune its magnetic properties and 
conductivity2. The room-temperature ferromagnetism (RTFM) 
was theoretically predicted for diluted ZnO:Mn3 and 
experimentally observed shortly thereafter4. However, the origin 
of RTFM is still under debate. The measurements of 
magnetization for ZnO:Mn performed using superconducting 
quantum interference device (SQUID) reveal its anisotropic 
behaviour5, strain-dependency6, switching from paramagnetic to 
ferromagnetic behaviour when the temperature increases from 5 
to 300K7 or even complete absence of magnetization under 
certain conditions 8. It is the lattice distortions around transition 
metal (TM)9 or additional structural defects that play a key role in 
the observed FM properties rather than TM itself8, 10. This 
argument is supported by the observation of the ferromagnetism 
even in the pure ZnO11-13 nanostructures. Thus there is a growing 
consensus that the high-temperature ferromagnetism reported for 
ZnO:TM is related either to the contamination during the sample 
manipulation or to secondary phases14-16. 
 Combining SQUID and x-ray magnetic circular dichroism 
(XMCD) measurements Ney et al.17 found a coexistence of 
paramagnetic behaviour of Co ions and their antiferromagnetic 
(AFM) coupling in ZnO:Co thin films. Using similar technique it 
was also discovered18 that RTFM is not related to the Mn 
magnetic moments in ZnO since they reveal a pure paramagnetic 
behaviour. AFM coupling between TM diluted in ZnO could be 
probed by XMCD measurements with high magnetic field up to 
17T that allow determining accurate M(H) curve19. However, 
when N co-doping was introduced, 1% of ferromagnetic phase 
was found in ZnO:Mn thin films20.  
 In the present paper we determine a concentration of the AFM 
phase in the diluted ZnO:Mn shell of core-shell ZnO/ZnO:Mn 
nanowires using advanced methods of x-ray absorption 
spectroscopy (XAS), x-ray emission spectroscopy (XES) and 
theoretical analysis employing multiplets and density functional 
theory. We report the first measurements of the Mn K-edge 
XANES in ZnO:Mn collected separately for different spin 
projections with respect to the d-shell magnetic moment making 
use of the spin-selectivity of XES21-23.  
 The value of Mn magnetic moment was obtained separately by 
analyzing the chemical shift of the Mn Kβ XES spectra and from 
theoretical analysis of Mn L2,3 XMCD spectra measured at 
moderate fields up to 5T. Quantitative analysis of XMCD data 
was performed. It was found that AFM coupling of Mn magnetic 
moments diluted in ZnO can explain the lower value of spin 
magnetic moment obtained from XMCD. Analysis of XAS 
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spectra using non-muffin-tin approach and extended X-ray 
absorption fine structure (EXAFS) data support this observation. 
2 Experiment 
ZnO nanowires were grown by pulsed laser deposition (PLD) in 
argon flow (50 sccm) at high pressure (100 mbar) using Au 
catalyst-assisted vapour-liquid-solid (VLS) mechanism as 
described elsewhere24. The temperature of the substrate was 
maintained at 830 ºC. The shell made up of Zn0.9Mn0.1O film  was 
deposited by 2000 laser pulses employing the off-axis PLD 
method at 0.2 mbar oxygen pressure and a substrate temperature 
of 550 ºC as reported previously25. 
 Mn L2,3 X-ray XMCD spectra were measured in the undulator 
UE46/1-PGM-1 beamline of BESSY-II, Helmholtz-Zentrum, 
Berlin. The sample was placed in an ultra-high vacuum chamber 
with a magnetic field perpendicular to the sample surface. The 
temperature of the sample holder was maintained at 10 K. The 
total electron yield from the sample surface was collected for 
different X-ray energies and circular polarizations.  
 X-ray emission and high energy resolution fluorescence 
detection (HERFD) XANES/EXAFS spectra were collected at 
the ID26 beam-line 26, 27 of the European Synchrotron Radiation 
Facility in Grenoble, France. Si(311) double-crystal 
monochromator was employed to scan the incident energy and 
five Si(110) analyzer crystals working at (440) reflection were 
used for fluorescence radiation. For the HERFD XANES the 
incident energy was varied around Mn K absorption edge in the 
range of 6530:6620 eV while the fluorescence detection energy 
was fixed subsequently to Kβ1,3 and Kβ' emission lines with 
energies at 6491.8 eV and 6476.2 eV, respectively. 
3 Computational details 
Electronic structure of the Mn-doped ZnO and Mn K-edge 
XANES spectra was simulated by means of full-potential 
linearized augmented plane-wave approximation (FLAPW) 
implemented in the Wien2k program package28, 29. The 
generalized gradient approximation within Perdew, Burke, 
Ernzerhof exchange-correlation functional (GGA PBE)30 was 
used. The following initial parameters of the wurtzite ZnO were 
used: a=b=3.25Å, c=5.21Å, space group P63mc and atomic 
coordinates Zn(1/3, 2/3, 0), O(1/3, 2/3, 0.382) 31. The influence of 
the supercell and basis set size was explored (see supplementary 
information). It was found that even a 2x2x1 supercell is 
sufficient to reproduce the experimental Mn K-edge XANES 
well. All geometries were relaxed until atomic forces were less 
than 0.03eV/Å. Energy convergence criterion in the self-
consistent iteration procedure was set to 1meV. For the Mn L2,3 
XANES and XMCD spectra atomic multiplet simulations32 were 
performed, as implemented in CMT4XAS program32. The 
computational parameters applied will be discussed further in the 
paper. 
4 Results and discussion 
4.1 Structure analysis. 
Wurtzite ZnO/ZnO:Mn nanowires have a rod shape and grow 
preferentially perpendicular to the substrate33. Energy filtered 
transmission electron microscopy shows that Mn is distributed 
preferentially in the shell while the core is pure ZnO. The 
samples show a high exciton to green band intensity ratio even at  
 
 Figure 1. EXAFS data analysis. (a) k2-weighted EXAFS data (black 
squares) is compared to the simulation of 90% MnZn substitutional defects 
in ZnO (red line). The bottom curve shows the difference between 
experiment and simulation. (b) The Fourier transform of the EXAFS data 
for experimental data and simulations for MnZn model. 
room temperature25. As confirmed by X-ray diffraction34 high-
pressure PLD process used in the experiment produces high-
quality Mn doping of ZnO, free of secondary phases (see Figure 
S3 in supplementary information). However, standard laboratory 
X-ray diffraction fails to detect small amounts of dopant-related 
secondary phases35 and nanosized precipitations do not produce 
pronounced peaks in the diffraction pattern. For this reason, the 
Mn local atomic structure was investigated by Mn K-edge x-ray 
absorption fine structure.  
 Figure 1 shows the results of the EXAFS analysis at Mn K-
edge. The experimental data are compared to the multiple 
scattering36 simulation of a Mn substitutional defect in ZnO 
(MnZn). The experimental thermal and structural disorder 
damping was reproduced by using, respectively, a correlated 
Debye model with ΘD = 400 K and adding a global σ
2 = 0.005. 
As expected, a 3% expansion of the Mn-O first shell distances 
with respect to the bulk Zn-O was found. To reproduce the 
overall amplitude of the experimental data, the simulated 
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spectrum has been least-squares fitted with an amplitude 
parameter. We considered several possible positions of Mn atom 
in the ZnO lattice and secondary phases: Mn in the Zn site, 
octahedral and tetrahedral interstitials, metallic Mn, Mn oxides 
(MnO, Mn2O3, Mn3O4, MnO2). When linear fit was performed 
using two components (MnZn and other model) the concentration 
of MnZn phase was found to be in the range 90…95%. The fitting 
procedure using combination of three components gave similar 
results. Thus we conclude that 90±5% of Mn substitute Zn. 
Additional details of the fitting procedure can be found in the 
supplementary information of Ref37. The level of noise which is 
present in the difference spectrum of Figure 1a makes it difficult 
to identify the remaining fraction. The latter can be attributed 
mainly to minor octahedral coordinated phases such as Mn-
oxides since the formation energy of interstitial defects is high. 
Independent analysis of the near-edge energy region of spectra 
for ZnO:Mn and Mn oxides measured with high energy 
resolution (Figure 2, Figure 4a and Figure S4 in the 
supplementary information) supports the conclusion on low 
concentration of secondary phases. 
 Figure 2 shows the Mn K-edge XANES and XLD spectra. 
Complemented by theoretical analysis XANES provides 
information about structure distortions around Mn dopants inside 
ZnO9, 38-40 which is complementary to the EXAFS data analysis. 
Theoretical simulations for the substitution MnZn defect 
reproduce the shape of both XANES and XLD. Thus, ZnO:Mn 
shell deposited on the vertically aligned ZnO nanowires is not 
amorphous but crystalline and has a preferential direction of 
crystal growth parallel to the orientation of the nanowires. The 
calculated XLD signal is twice as large as experimentally 
observed. This can be interpreted by certain disorientation of 
crystallites in the ZnO:Mn shell as well as the presence of non-
vertical ZnO nanowires. The XANES spectra measured with 
different linear polarizations are useful to detect oxygen 
vacancies41 and provide a very accurate method for determining 
the phase purity in non-cubic single crystals as was demonstrated  
in case of ZnCoO thin films14. On the other hand, it loses 
sensitivity when dealing with polycrystalline or cubic phases. 
Conversely, XAS is sensitive to the probed element (Mn in our 
case), regardless the degree of crystallinity, orientation and 
symmetry. In the present case, where the nanowires are covered 
with a Zn0.9Mn0.1O shell, combining XAS and XLD permits one 
to state that the reduced XLD signal (~50% of the theoretical one) 
is due to the fact that part of the shell is not coherently oriented to 
the substrate. 
 It is well-known that no cubic symmetry gives rise to linear 
dichroism in dipole transitions42. The inset in Figure 4b shows 
that pre-peak A originates from Op-Mnd hybridized states 
localized mainly in the MnO4 tetrahedron. Therefore the pre-edge 
peak A in Figure 2b does not show linear dichroism since local 
order around MnZn in wurtzite ZnO is close to the Td symmetry 
similarly to the zinc blende structure. Td symmetry breaks down 
only in the second coordination sphere of wurtzite structure (in 
Figure 2a the upper tetrahedron in the wurtzite structure is rotated 
by 60 degrees as compared to zinc blende). Thus higher energy 
region of XANES reveals dichroism because it is characterized 
by the large mean free path of the photoelectron43. 
 The energy region above the absorption edge marked as C in 
Figure 2b is sensitive to the local disorder around TM in ZnO, 
e.g. to the presence of oxygen vacancies40, 41, 44. Several groups 
have considered different types of structural defects in order to 
explain the experimental spectrum of ZnO:Mn9, 40, 45. These 
works rely on the full multiple scattering formalism within the  
 
Figure 2. (a) the schematic view of the nanowire morphology and local 
atomic structure around substitutional MnZn (b) Experimental Mn K-edge 
XANES and XLD compared to the simulations for substitutional MnZn. 
muffin-tin approximation (MTA). The shape of the spectrum 
calculated for MnZn defect using the full-potential band structure 
simulations 46 differs from those obtained with MTA46. In Figure 
S2 of supplementary information we compare the Mn K-edge 
spectra calculated using the same structural parameters and 
energy broadening following the MTA cluster approach and full-
potential band structure method. Two approximations yield 
similar spectral shape of Mn K-edge, but with different intensities 
of the peaks C2,C3 (see theoretical black and blue curves in 
Figure S2). MTA overestimates this intensity and one should 
consider this effect when structural models are analyzed. 
4.2 Absolute values of spin and charge of Mn atom 
Mn Kβ x-ray emission spectra result from 3p - 1s transitions and 
consist of the main line, Kβ1,3, and a satellite, Kβ'. A single 
electron scheme of these transitions is shown in Figure 3a. The 
spin orientation of the 3p shell and 3d shell can be parallel or 
antiparallel in the final state, when 1s core hole is filled. These 
two states have different energies and therefore two emission 
lines are observed in the spectrum. Strong final-state 3p3d 
exchange coupling results in a sensitivity of XES to the 3d 
population and to the relative spin orientation of the 3p and 3d 
electrons22.  
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 X-ray emission spectra for the ZnO/ZnO:Mn nanoneedles and 
reference compounds are shown in Figure 3b. Samples were 
irradiated by the non-resonant excitation at 6700 eV. The spectra 
exhibit a chemical shift, i.e. the energy position of the Kβ1,3 line 
depends on the Mn spin state and therefore its charge state. More 
precisely the energy separation between the main line Kβ1,3 and  
 
Figure 3. XES data analysis. (a) Single electron scheme of the transitions 
corresponding Kβ1,3 and Kβ' lines. (b) Experimental Kβ XES for the 
series of Mn oxides and Mn doped ZnO core-shell nanowires. Dashed 
lines indicate maxima of Kβ' (6575.6 eV) and Kβ1,3 (6491.7 eV) lines of 
ZnO:Mn. (c) Integrated absolute values of the difference XES spectra of 
Mn-oxides with respect to MnO2. The linear dependence of the Mn-
oxides’ IADs is fitted (green line) and the data point of ZnO:Mn is then 
placed onto this line. The inset shows the spin magnetic moment 
distribution around MnZn defect inside ZnO, z-axis is aligned with c-axis 
of wurtzite. 
the satellite Kβ' (ΔE) is proportional47 to the Slater exchange 
integral (J) between the 3p and 3d electrons, and to the number 
(2S) of unpaired electrons in the 3d shell: ΔE = J(2S+1). This 
approximation has proved to be a valid tool for analyzing 
experimental data48, 49 and one can calculate absolute values of 
the integrated difference spectra (IAD) with respect to a certain 
compound in order to follow the evolution of ΔS quantitatively. 
We took a MnO2 XES as a reference with smallest spin magnetic 
moment. Then the IAD for Mn2O3, MnO, ZnO:Mn relative to 
MnO2 were calculated. Figure 3c shows the IAD values for Mn-
oxide reference compounds plotted as a function of the Mn spin 
magnetic moment S. Magnetic moments were calculated around 
Mn atoms in the sphere which was used in GGA-PBE FLAPW 
approximation. By assuming the linear evolution of S for the 
oxides50 the value of S for ZnO:Mn was then taken from this fit. 
The value found is S=4.3µB. This value is lower than 5µB in case 
of ideal d5 configuration because the hybridization between Mn 
d- and oxygen p-states results in a magnetization of the four 
oxygen atoms in the first coordination sphere around Mn as 
shown in the inset of Figure 3c. XAS data also show a visible 
chemical shift of the main edge for the series of Mn oxides and 
ZnO:Mn, although the shifts in the XES are more linearly 
correlated with the oxidation state and depend less on the atomic 
configuration51. 
 Using the spin-sensitivity of x-ray emission spectra we have 
measured spin-selective x-ray absorption spectra21-23 as shown in 
Figure 4a. Ligand-field multiplet theory demonstrates that the Kβ' 
emission line arise from 100% spin-up transitions, while the K 
β1,3 is mostly spin-down (see Figure 6 in Ref.
52); this is 
schematically shown using one-electron approximation, Figure 
3a. Thus the spin-selective x-ray-absorption spectra were 
obtained by fixing emission energy at the certain energies of the 
satellite Kβ' emission line (6476.2 eV) and main Kβ1,3 emission 
line (6491.8 eV) respectively, while scanning the excitation 
energy through the Mn K absorption edge. The difference 
between spin-up and spin-down spin-selective XANES is in 
direct ratio with the difference in the spin polarization of the 
empty states multiplied by their matrix element. The common 
hard x-ray probe of spin magnetic moment, Mn K-edge XMCD, 
is proportional to this value with the energy dependent 
proportionality factor, so-called Fano factor. The latter can be 
determined either experimentally53 or theoretically in order to 
extract the degree of polarization and spin magnetic moment 
value from the K-edge XMCD spectra. In contrast to XMCD 
spin-selective XANES spectra do not require circular polarization 
of photons. Coherent orientation of magnetic moments is also not 
necessary because spin-sensitivity arises from internal localized 
manganese 3p-3d exchange interaction. 
 Experimental spectra for different spin polarizations reveal 
different fine structure. In Figure 4a the main maximum B2 in 
spin-minority spectrum is shifted to the higher energy compared 
to the spin-majority spectrum due to exchange interactions of the 
photoelectron and Mn magnetic moment. The localized 
unoccupied electronic states correspond to the Mn K-edge pre-
peak A and are totally spin-polarized. Conversely conduction 
states (shoulder B1) are partially spin-polarized as follows from 
the different intensities of spin-minority and spin-majority 
XANES. These results are consistent with theoretical simulations 
of the spin-polarized electron density of states. Unoccupied 
manganese d-projected DOS both in ground state (Figure S5 in 
supplementary information) and when 1s core hole is created 
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(Figure 4b) are totally spin-polarized. The simulations were 
performed for the ZnO supercell containing one Mn defect, which 
corresponds to the total ferromagnetic order. In case of 
paramagnetic or antiferromagnetic materials our discussion about  
 
 Figure 4. (a) Experimental Mn K-edge XANES measured for different 
spin polarizations compared to the FLAPW simulations for the MnZn 
substitution defect (please note that no standard Mn K-edge XMCD were 
measured – see discussion in the text). Solid curves stand for spin 
majority, dotter curves – for spin minority. (b) Calculated Mn p-projected 
(red) and d-projected (blue) unoccupied electron DOS for the MnZn defect 
with the core hole on Mn 1s. Solid lines stand for spin majority, dotted 
lines – for spin minority. DOS are shifted energetically to the same 
energies as XANES. Mn-d states are multiplied by the factor 0.02. Insets 
show electron density log-scale distribution for the energy intervals that 
correspond to E and T2 states.  
spin-polarization is then referred to the local orientation of the d-
shell magnetic moment of the absorbing atom. 
 Experimental spectra are complemented by the theoretical 
simulations (red curves in Figure 4a).  Energy broadening for the 
theoretical spectra is intentionally smaller than in Figure 2 in 
order to highlight spectral features. The theory agrees well with 
the measured data and confirms that spin-polarized unoccupied 
electron DOS is observed in the experiment. Subsequently the 
same theoretical approximation is used for the electronic structure 
analysis. Figure 4b shows the calculated spin-polarized density of 
unoccupied electron states for a supercell with MnZn defect in the 
presence of a Mn 1s core hole. Crystal field splits Mn d states 
into e and t2 manifolds as shown in the inset of Figure 4b. Peak A 
observed in the experimental data corresponds to the hybridized 
Mnd-Op states of t2 symmetry and these oxygen p-states were 
observed in the oxygen K-edge XANES of Zn1-xMnxO films
54.  
Group theory restricts hybridization and therefore electrical 
dipole transitions from Mn 1s only to the t2 states. Thus Mn p-
DOS (red curve) that is observed in the dipole s→p transition is 
equal to zero beneath peak e of Mn d-DOS (blue curve). 
 The energy position of the localized electronic states in the 
pre-edge peak A in Figure 4a relative to the delocalized states in 
the absorption maximum B2 can be used as a quantitative 
measure for the quality of theoretical electron-correlation 
approximations. Peak A originates from the localized Mn d-states 
that are generally not described well in the standard GGA 
approximation so one might think of applying self-interaction 
corrections within orbital-dependant GGA+U to improve the 
results55, 56. Such corrections increase the band gap energy, shift 
occupied states to the lower energies and unoccupied ones to 
higher energies57. We have simulated Mn K-edge XANES for the 
substitutional MnZn also in GGA+U approximation by applying 
Ueff=8.5eV for Zn
58 d-states and Ueff=4.5eV for Mn. The 
following energy difference Δ between A and B2 peaks of the Mn 
K-edge were obtained: ΔGGA=13.33eV, ΔGGA+U=12.95 eV. 
Supplementary information (see Figure S6) contains series of 
calculated spectra for different Ueff values that show a linear 
decrease of Δ when Ueff increases. Experimental value 
ΔEXP=13.77 eV is closer to the GGA results. Thus a Hubbard 
correction does not improve the GGA results for the energy 
position of the unoccupied Mn d-states although it is considered 
to be necessary for the occupied TM d-states59. 
 The possible explanation of such discrepancy can be related to 
the core-hole effects. Present simulations rely on the one-electron 
final state approximation when XANES spectrum is calculated 
according to the Fermi golden rule. The final states are calculated 
self-consistently in the presence of a core hole in the Mn 1s level. 
Deviations from the Final state rule due to relaxation of the 
electron system can influence the core-hole screening. This, in 
turn, changes the energy position of the Mn d-states (related to 
the peak A in Figure 4a) that strongly depends on the core-hole 
Сoulomb potential. 
4.3 Orientation of Mn magnetic moments 
In order to study a magnetic order in the material we have applied 
the x-ray magnetic circular dichroism technique. While XES and 
spin-polarized XANES are sensitive to the absolute value of spin 
magnetic moment, the XMCD intensity depends on the magnetic 
moment projection on the global axis set by external magnetic 
field60, 61. Figure 5a shows the circular dichroism signal in Mn 
L2,3 XANES measured at 10 K temperature  and 5 T external 
magnetic field. Labels µ+ and µ- stand for the directions of the 
photon helicity. Positive direction of the applied magnetic field is 
collinear with the photon propagation direction. 
 Spin and orbital components of the shell-specific magnetic 
moment (mspin, morb) can be estimated using sum rules for the 
single ion60-62. The degree of polarization of incident X-rays and 
the saturation of XMCD signal with the applied magnetic field 
should be taken into account. In the experiment, the Stokes 
parameter S3 was equal to 0.9. The XMCD signal was measured 
for the B values from 0T to 5T with step 0.2T and the saturated 
value was obtained by fitting with a Brillouin function (see 
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Figures S7-S9 in supplementary information and discussion about 
anisotropic behaviour of magnetization in ZnO:Mn). We obtain 
mspin=0.39nh where nh stands for the number of holes in the Mn d-
shell. The nonzero orbital magnetic moment was found with a  
 
Figure 5. (a) Mn L2,3 XANES spectra, measured for different photon 
helicities for ZnO:Mn and corresponding XMCD signal. (b) Experimental 
XMCD signal compared to the atomic multiplet simulations. 
value of 0.02nh. Unfortunately values obtained from the sum 
rules for 3d5 system suffer from large errors63 since 2p-3d 
Coulomb interaction leads to the mixing of the j=3/2 and j=1/2 
states. Thus these values cannot be directly compared with the 
Mn spin magnetic moment obtained from XES analysis in the 
previous section. Instead one has to use correction factors to 
determine mspin value
64 or compare the results of the sum rules 
analysis for experimental and simulated spectra. Below we 
discuss the difference between Mn spin magnetic moments 
derived from experimental XMCD and theoretically calculated 
ones for the Mn2+ ion in 3d5 configuration. 
 The atomic charge state is the main input parameter of the 
atomic multiplet simulations. The charge state of Mn was 
determined from Bader analysis65, 66 of the electron density 
obtained for ZnO:Mn and Mn oxides by means of GGA PBE 
simulations within the FLAPW approximation. The results are 
listed in the Table 1. The Bader charges for Mn in MnO and MnZn 
are similar (+1.35 and +1.37 correspondingly). Thus the formal 
charge state of MnZn is 2+. We also found that calculated charge 
for the four oxygens around Mn is larger than in pure ZnO. This 
can be explained by the hybridization between Mn d-states and O 
p-states, which should be considered when applying XMCD sum 
rules. For a single Mn2+ ion the number of holes is 5, but for 
Mn2+ in ZnO the hybridization of the Mn d-states with O p-states 
reduces the number of Mn-localized d-holes. As follows from the 
integration of the MnZn d-DOS obtained from FLAPW 
simulations, nh is approximately 4.2. 
 Atomic multiplet simulations are provided in Figure 5b for the 
Mn2+ ion with 3d5 configuration. 10Dq parameter was chosen 
equal to -0.5 and satisfactory agreement with experiment was  
Table 1. Bader analysis of the charge states of atoms in pure ZnO, MnO 
and in ZnO:Mn. In case of ZnO:Mn the average value for the four oxygen 
atoms in the MnO4 tetrahedron is presented (tolerance = 0.01e, GGA PBE 
calculation). 
 ZnO ZnO:Mn MnO Mn3O4 Mn2O3 MnO2 
Zn +1.22 +1.22     
O -1.22 -1.25 -1.35 -1.20 -1.14 -0.94 
Mn  +1.37 +1.35 +1.60 +1.71 +1.88 
 
obtained even without taking into account charge transfer effects 
that influence mainly the energy position of peak C in the Mn L2,3 
spectra. Applying sum rules to the calculated spectra we obtain 
morb=0 and mspin=0.64nh. Therefore if all Mn moments had been 
aligned collinearly, the sum rules applied to the experimental Mn 
L2,3 XMCD spectra would have also produced mspin=0.64nh. 
However, the value of mspin=0.39nh was obtained in the 
experiment.  Thus one can conclude that only 60±5% of all 
manganese moments form paramagnetic phase being aligned 
coherently by external magnetic field. According to EXAFS data 
analysis, 10±5% of Mn atoms can form secondary phases which 
means that at least 30±10% of Mn atoms substitute Zn sites and 
are coupled antiferromagnetically. The antiferromagnetic order of 
neighbouring Mn moments in dilute ZnO:Mn was also predicted 
theoretically67, 68. 
5. Conclusions 
EXAFS data analysis revealed that a shell of the ZnO/ZnO:Mn 
core-shell nanoneedles consisted of dilute ZnO:Mn and 90%±5% 
of Mn atoms substituted Zn. The spectrum above Mn K-edge 
showed XLD while pre-edge peak was isotropic. The origin of 
such a behaviour is that ZnO:Mn shell has a wurtzite crystalline 
structure with a growth axis parallel to the ZnO nanowires, while 
pre-edge electron states are localized mainly within first 
coordination sphere of Mn with Td symmetry. Spin-polarized Mn 
K-edge XANES were measured in the HERFD mode by setting 
fluorescence detection energies to the maxima of Kβ1,3 and Kβ' 
emission lines, i.e. 6491.8 eV and 6476.2 eV respectively. It was 
experimentally observed that Mn p-projected DOS, observed in 
XANES, are partially spin-polarized, while pre-edge electron 
states (Mn-d and O-p hybridized) are totally spin-polarized 
relatively to the local orientation of the d-shell magnetic moment 
of absorbing atom. The XES data complemented by theoretical 
Bader analysis showed that Mn magnetic moment as well as its 
charge state are close to ones in MnO. The value of Mn magnetic 
moment was estimated to be 4.3μB. The orientation of Mn 
magnetic moments in the applied external field was analyzed by 
XMCD. By applying spin sum rule we found a smaller value of 
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Mn spin magnetic moment than theoretically predicted for Mn2+ 
ion, which imply the coexistence of paramagnetic and 
antiferromagnetic phases in the dilute ZnO:Mn shell. 
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